High-entropy ceramics generally exhibit reduced thermal conductivity, but little is known about what controls this suppression and which descriptor can predict it. Herein, 18 medium-and high-entropy pyrochlores were synthesized to measure their thermal conductivity and Young's modulus. Up to 35% reductions in thermal conductivity were achieved with retained moduli, thereby attaining insulative yet stiff properties for potential thermal barrier coating applications.
Graphical Abstract Highlights
• >20 pyrochlores synthesized, including many new high-entropy compositions
• Mixing of cations at both A and B sites investigated
• All medium-and high-entropy pyrochlores exhibit reduced thermal conductivities • Thermal conductivity correlates well with a modified size disorder parameter • A new descriptor proposed for designing thermally-insulative high-entropy ceramics High-entropy ceramics (HECs), including rocksalt [1] , perovskite [2] , fluorite [3] , and pyrochlore [4, 5] oxides, borides [6] , carbides [7] [8] [9] [10] , silicides [11, 12] and silicates [13, 14] have been reported in the last four years and attracted great research interests. In addition, singlephase high-entropy aluminides (intermetallic compounds), which bridge the well-studied highentropy alloys (HEAs) [15] [16] [17] with new families of HECs, have been made [18] . Some unusual properties of HECs, such as colossal dielectric constants [19] , super ionic conductivity [20] , and increased hardness [7] , have been reported.
One exciting and widely-observed property of HECs is represented by the reduced thermal conductivity [3, 10, 11, [21] [22] [23] [24] . While reduced thermal conductivity is generally expected from stronge phonon scattering in HECs, only a few studies have investigated the underlying mechanisms or key controlling factor(s) in depth. Recently, Braun et al. [23] attributed the reduction in thermal conductivity in six-component rocksalt oxides to disorder in the force constants arising from charge variations. Yang et al. [25] also attributed the low thermal conductivity in Ln3NbO7 (albeit not an HEC) to the force-constant disorder, suggested to be a result of both increased size disorder and charge variation. Furthermore, both reports [23, 25] noted high Young's modulus to thermal conductivity ( / ) ratios, indicative of a large phonon scattering rate. However, a descriptor to predict the reduced thermal conductivity is still lacking.
To unveil the key parameter controlling the reduced thermal conductivity in HECs, we have fabricated and investigated a series of 22 single-phase pyrochlores, including18 medium-and high-entropy pyrochlores (referred to as "M/HEPs") and four additional low-entropy benchmark compositions. While we recognize there are many definitions/criteria of HEAs [17] , here we loosely use "high entropy" to refer to ceramics with five or more cations of high (typically 5%-35%) concentrations (or ideal mixing entropy Δ , >1.5R per mol of cations, where R is gas constant) on at least one sublattice (if there are multiple ordered cation sublattices), while "medium entropy" refers to cases with three or four cations of high concentrations (or R < Δ , < 1.5R) on at least one sublattice. As we will show later, the thermal conductivity is better correlated with size disorder, but not the entropy itself, so that we are not limited to HECs for searching new low-k materials. Thus, we propose to extend HECs to "compositionallycomplex ceramics (CCCs)" to include both medium-entropy and high-entropy compositions.
With this definition, this study examined 15 MEPs and 3 HEPs, which represent perhaps the largest set of CCCs made and investigated in a single study.
Pyrochlores of A2B2O7 structure can be considered as ordered fluorites with two cation sublattices, which represent a potential alternative to yttria-stabilized zirconia (YSZ) as thermal barrier coatings (TBCs) [26] . Cubic pyrochlores have moderately high Young's moduli ( ~ 250 GPa) [27] [28] [29] and low thermal conductivities ( ~ 2 W m -1 K -1 ) [30] [31] [32] [33] . Further efforts to reduce the thermal conductivity include introducing another rare earth element on the A-site [34] [35] [36] [37] [38] [39] [40] [41] or B-site [40, 41] . Recently, a couple of studies reported the fabrication single-phase highentropy zirconate-based pyrochlores with low thermal conductivities (albeit possibly some porosity and microstructure effects) [4, 5] . Herein, we fabricated >20 dense M/HEPs, where we systematically varied mass and size disorder on both cation sublattices. Subsequently, we identify a useful descriptor for predicting reduced thermal conductivity.
In this work, we adopt the mass disorder (g) and size disorder (δ) parameters that are used in thermal transport [42, 43] and HEAs [44, 45] fields, which are defined as:
where is the atomic fraction, and are the mass and radius of the i th component, and ̅
and ̅ are the overall weighted average of mass and ionic radius. Here, we used the Shannon effective ionic radius [46] . Eqs. (1) and (2) assume all cations share the same lattice site;
however, the pyrochlore structure has two cation sublattices. Thus, we propose to modify the mass disorder and size disorder parameters as:
Here, subscripts "A" and "B" refer to the application of Eqs. (1) and (2) on the A-site and B-site sublattices of A2B2O7 pyrochlores (and similar definitions can be extended to other HECs or CCCs with multiple cation sublattices).
All starting constituents were binary oxides purchased from US Research Nanomaterials (~5 μm initial particle sizes). As-received powders were weighed in appropriate amounts, ~2 wt. % stearic acid was added, and the powders were then placed inside a poly(methyl methacrylate) tube with tungsten carbide inserts on both ends along with one Ø5/16" tungsten carbide ball. The The relative densities of our sintered specimens were 94-100%. We further corrected the effects of porosity to obtain the intrinsic conductivity and modulus based on [50, 51] : k = /(1 − ) 3/2 and E = /(1 − 2.9 ), where is the fraction of pores, and and are the corrected intrinsic thermal conductivity and Young's modulus, respectively, of 100% dense specimens that are reported in Table 1 and all figures. XRD examined the phase formation and crystal structures of all the specimens. Fig. 1 shows XRD pattern, which confirms the formation of the desired pyrochlore phase (Fd3 ̅ m, space group #227) without debatable secondary phases, except for Composition P2 and P3 with secondary phases (which were excluded from further measurements).
The measured thermal conductivities and Young's moduli of the referencing La2Zr2O7 and Sm2Zr2O7 specimens made in this study (Table 1) agree well with prior reports [27, 29, 37, 52] . As shown in Table 1 , most M/HEPs exhibited reduced thermal conductivities in comparison with the benchmark La2Zr2O7 and Sm2Zr2O7 specimens, with up to 35% reductions. Moreover, the reduced thermal conductivity was achieved with retained moduli (all in the range of ~230 -250
GPa, as shown in Table 1 ), thereby attaining insulative yet stiff properties (or high / ratios). This is an interesting and useful phenomenon for HECs, including high-entropy rocksalts reported earlier [23] , as the reduction of thermal conductivity typically occurs along with decreased modulus.
The correlations between three descriptors ( * , * , ) and the measured k and E of 22 specimens were examined. In each case, linear regressions were performed, and the degree of correlation was characterized by the Pearson correlation coefficient (PCC) and r 2 . Fig. 2 shows that thermal conductivity and the / ratio have the best correlations with the size disorder * . The size disorder * displays a negative correlation (PCC = −0.86, r 2 = 0.73) with measured k. Furthermore, the thermal conductivity k correlates better with the * , defined in Eq. (4) above, than the individual or for each sublattice (Suppl. Fig. S1 ) and the overall assuming random mixing (Suppl Fig. S2 ). A careful examination further found that the size disorder on the B-site ( ) is larger than that on the A-site ( ), thereby being more effective in reducing k (Suppl. Fig. S1 ), being consistent with prior modeling studies [53, 54] .
A positive correlation was also found between the / ratio and * (PCC = 0.91, r 2 = 0.83). We should emphasize that we do not expect a perfect linear relation (r 2 ~ 1) of thermal conductivity k with any single descriptor, since many other factors can influence k (as a complex material property).
Virtually no correlation between * and E (PCC = 0.13, r 2 = 0.02) was found (Suppl. Fig.   S3 ), implying the high modulus is retained after introducing size disorder in M/HEPs. The mass disorder * was also considered, and its correlations with and / are shown in Suppl. Fig. S4 . The mass disorder * appears to be a less effective descriptor in comparison with the size disorder * . Here, the main discrepancies stemmed from the Ti-containing compounds. The correlations of and / with density  are weak (Suppl. Fig. S5 ).
Interestingly, mixing entropies only exhibit weaker correlations with thermal conductivities (Suppl. Fig. S6 , albeit there should a correlation between size disorder and mixing entropy, particularly those on the B site). This study showed the size disorder is a stronger descriptor for designing low-k CCCs than the mixing entropy itself.
Additionally, all the compositions containing Ti had * > 6% and low k (Fig. 2) . As a result, the / was significantly higher. Ti is smaller and lighter than other metal elements selected in this study (Suppl . Table S2 ). In addition to increasing the size disorder, it can serve as a "rattler" on the B-site to reduce k [34] . This effect further shows that ionic radius can be a more significant factor in controlling k than the atomic mass. Consequently, the Ti-containing families exhibit high / ratios, achieving 155.6  5.9 GPamKW -1 for Composition P20
To further explore the Ti effects, the fraction of Ti was systematically varied in Fig. 3 . It was found that the thermal conductivity k reaches a minimum around x = 0.25. The modulus E increases with increasing Ti concentration overall, with a jump when Ti occupies ~50% of the B-site. Consequently, the E/k ratio reaches a maximum of 163.9  6.1 GPamKW -1 for P20-2 (Sm1/3Eu1/3Gd1/3)2(Ti1/2Sn1/6Hf1/6Zr1/6)2O7,
where Ti may fit more tightly in the B site to raise E.
The rattler effect has been demonstrated in pyrochlores previously [34, 40] . Since Yb is small and can behave as a rattler on the A site, a (Sm1/4Eu1/4Gd1/4Yb1/4)2(Ti1/4Sn1/4Hf1/4Zr1/4)2O7 P20 + Yb specimen was synthesized to further verify the rattler effect. The addition of Yb led to a ~13% reduction in k with near negligible loss in E (~4%), thereby resulting in a high E/k ratio of 172.3 ± 5.9 GPamKW -1 .
We note that Composition P21 is a material that was recently reported in the literature to have an unusually low RT thermal conductivity of 0.76 Wm -1 K -1 [4] . However, we measured a much higher RT thermal conductivity of 2.06 Wm -1 K -1 . Our value appears to be robust since several other HEPs of similar compositions that have similar k values (Table 1 ). Furthermore, we verified the k values of the two benchmark La2Zr2O7 and Sm2Zr2O7 specimens widely reported in the literature. In the only other report of HEPs [5] , the specimens exhibit similar low k values, but those can be well attributed to the reported low relative densities of ~75%. Thus, the lower k reported in Ref. [4] might also be due to an unknown microstructure effect. Our specimens have high relative densities of 94-100%, and we have corrected the porosity effects to report intrinsic k values in all cases.
In the underlying mechanisms, size disorder can result in both distorted sublattices and oversized cages for the rattler effect, both of which can severely suppress heat conduction [23, 25] . Furthermore, unique to the pyrochlore structure, the 8a-site oxygen ion can relax into the oxygen vacancy site, which likely results in a highly strained anion sublattice [34, 40] . Here, the size disorder can be increased in a four-component composition with the largest and smallest elements on each sublattice. To test this effect, Compositions P20-5 and P20-6 were synthesized.
On the one hand, P20-6 (Sm3/4Yb1/4)2(Ti1/2Zr1/2)2O7 represents the four-component system with nearly maximized size disorder of 9.50, which exhibits a low k of 1.40  0. pyrochlores made in this study with the size disorder parameter, * . The error bars are given in Table 1 , which are not shown here for figure clarity. 
